Background and purpose: Galectin-3 is a biomarker of atherosclerotic and cardiovascular disease, and may be a useful marker for ischaemic stroke risk. Methods: The Reasons for Geographic and Racial Differences in Stroke (REGARDS) cohort enrolled and examined 30 239 US participants between 2003 and 2007 (41% black, 59% white and 55% in the southeastern stroke belt). Baseline galectin-3 was measured in 526 subjects with incident ischaemic stroke over 5.4 years and in a cohort random sample (CRS) of 947 participants. Cox proportional hazards models were used to calculate hazard ratios (HRs) of ischaemic stroke by quartiles of galectin-3. Results: In the CRS, galectin-3 was significantly higher with older age, black race, female sex, body mass index, hypertension, diabetes mellitus and kidney disease, and also in those who developed incident stroke. Participants with galectin-3 levels in the fourth versus first quartile had a 2.3-fold increased stroke risk [95% confidence interval (CI) 1.6, 3.4] in an unadjusted model. An interaction with age was found (P = 0.06), and therefore age-stratified analyses were performed. Amongst those younger than age 64, baseline galectin-3 in the second-fourth quartiles was associated with increased stroke risk (HR 3.0, 95% CI 1.6, 5.5) compared to the first quartile in an age-, race-and sexadjusted model. The HR was 2.0 (95% CI 1.0, 4.0) with multivariable adjustment. There was no association amongst older participants. Conclusions: Galectin-3 was associated with incident ischaemic stroke in younger but not older individuals. Confirmation of this finding, and elucidation of its implications for stroke pathophysiology and prevention, is needed.
Introduction
Galectin-3, a b-galactoside-binding protein, has regulatory roles in fibrosis, inflammation, tissue repair and cell proliferation [1] . The American Heart Association/American College of Cardiology Foundation guidelines recommend the use of serum galectin-3 for additive risk stratification for hospitalization, death and prognosis in patients with established heart failure as a Class IIb indication [2] . Recent studies also suggested associations of galectin-3 with other forms of cardiovascular disease such as myocardial infarction [3] and atherosclerotic plaque stability [4] .
Despite the recent attention outlined above, and a few studies on outcomes after ischaemic and hemorrhagic stroke [5, 6] , there has been limited investigation of the role of galectin-3 in determining the risk of stroke and cerebrovascular disease. The association of galectin-3 with the risk of ischaemic stroke was therefore examined, and the question of whether there were racial differences in this association was investigated, in a large population-based cohort of black and white Americans.
Methods

Subjects
The Reasons for Geographic and Racial Differences in Stroke (REGARDS) is a prospective longitudinal cohort study of 30 239 community-dwelling black and white participants ≥45 years of age [7] . As previously reported, subjects were recruited between January 2003 and October 2007 by telephone [7] . The telephone response rate was 33% and the cooperation rate was 49%, which was consistent with prior studies [8] . Of those enrolled, 45% were men, 55% women; 58% were white, 42% black; 56% were residents of the stroke belt. Written informed consent, blood pressure, anthropomorphic measurements, blood samples, electrocardiography (ECG) and medication inventory were obtained at an in-home examination. Study methods were reviewed and approved by the Institutional Review Boards at each participating institution.
Measurement and definitions
Hypertension was defined as systolic blood pressure 140 mmHg, diastolic pressure >90 mmHg or selfreported hypertension treated with antihypertensive medications. Diabetes mellitus was defined by fasting glucose >126 mg/dl, non-fasting glucose >200 mg/dl or self-report with the use of antidiabetic medications. Left ventricular hypertrophy (LVH) was classified by ECG. Atrial fibrillation was defined as self-report or presence on ECG. Coronary heart disease was defined as self-reported myocardial infarction, bypass, percutaneous coronary intervention or myocardial infarction on ECG. Pre-baseline stroke was defined by selfreport. Heart failure was defined as presence of orthopnea or paroxysmal nocturnal dyspnea.
Stroke ascertainment
A first ischaemic stroke through 1 September 2011 was ascertained. Participants were contacted every 6 months by telephone to collect health information. Medical records were obtained for patients with ischaemic stroke during the specified time period. All records were reviewed and validated by two or more physicians. Stroke was defined as focal neurological symptoms lasting >24 h or non-focal symptoms with positive imaging for ischaemic stroke. Ischaemic strokes were classified into subtypes of cardio-embolic, large vessel disease, small vessel disease, other and unknown, based on the TOAST criteria [9] .
CaseÀcohort study
For this analysis a caseÀcohort study design was used, as previously published [10, 11] . Cases were 569 participants with no baseline stroke who had an incident ischaemic stroke during follow-up. Controls were selected from a cohort random sample (CRS), which was composed of 1100 participants selected from the entire REGARDS cohort [11] . Age-, sex-and racebased stratified random sampling was performed (50% black, 50% white, 50% women, 50% men, age groups 20% 45-54, 20% 55-64, 25% 65-74, 25% 75-84 and 10% ≥85). The same exclusion criteria were used as were used for cases, and those with baseline stroke were excluded.
Laboratory methods
Fasting blood samples were drawn at the baseline home visit for each subject using previously published standardized methods [10] . Plasma galectin-3 was measured in the caseÀcohort sample using an ultrasensitive enzyme-linked immunosorbent assay (R&D Systems, Minneapolis, MN, USA). The laboratory analytical coefficient of variation range was 5.6%-7.4%. The lower detection limit was 1.8 ng/ml. Of the 1453 participants, two (0.1%) had values below the lower limit. A value halfway between 0 and the lower limit was assigned to these, i.e. 0.9 ng/ml. The upper detection limit was 35 ng/ml. There were two (0.1%) participants with values above the upper limit. For these values 10% higher than the upper limit, i.e. 38.5 ng/ml, was assigned.
There were 111 participants with missing galectin-3 (8% of cases and 7% of the CRS), mostly due to missing samples. This left 526 stroke cases (including 20 who were members of the CRS) and 947 in the CRS.
Statistical methods
All analyses were performed using SAS 9.3 (Cary, NC, USA). Associations of galectin-3 with stroke risk factors were analyzed by displaying means or proportions of risk factors by quartiles of galectin-3 in the CRS. Differences in risk factors by galectin-3 category were tested by chi-squared tests or ANOVA, accounting for the stratified sampling design. Risk factors that were significantly associated with galectin-3 in a univariate model were then evaluated in a multivariable linear regression model to determine independent correlates. Of particular interest in this analysis was whether galectin-3 was higher in blacks than whites.
Evaluation of galectin-3 and stroke risk was undertaken using Cox proportional hazards models with four levels of adjustment. Galectin-3 was divided into quartiles (Q1, gal-3 ≤ 8; Q2, 8 < gal-3 ≤ 10.4; Q3, 10.4 < gal-3 ≤ 13; Q4, gal-3 > 13, all in ng/ml), with the bottom quartile serving as the reference group. All models accounted for the stratified selection of the CRS by adjusting for sampling weights. The first model included age, sex and race. The second model added Framingham stroke risk factors (diabetes, systolic blood pressure, use of any antihypertensive medications, LVH by ECG, history of heart disease, atrial fibrillation). The third model added income and education. Differences in association by age, sex and race were investigated by introducing interaction terms for galectin-3 and these factors, with statistical significance for the interaction defined as P < 0.10. The role of galectin-3 in mediating the relationship between race and stroke was examined by first fitting a proportional hazards model for stroke with age, race, sex and an age by race interaction term as the independent variables, and then determining the amount of attenuation in the hazard ratios for race when galectin-3 was added to the model. Because of the known age by race interaction in stroke risk [12] , the race hazard ratios were stratified by age. In secondary analyses, the relationship between galectin-3 level and stroke was investigated separately for four stroke subtypes, whilst maintaining the stratification by median age. The 'other' subtype was not included in our analysis since the numbers were too small (n = 34).
Results
The demographic characteristics of patients and controls are provided in Table S1 . Unweighted and weighted sample sizes are provided in Tables 1 and  S1 . In the CRS, the mean AE standard deviation of plasma galectin-3 was 10.9 AE 0.2 ng/ml. Tables 1 and  2 show that baseline galectin-3 was significantly higher with older age, female sex, hypertension, diabetes, impaired kidney function, baseline heart disease and higher body mass index, whilst it was lower with higher income, education and physical activity. Independent of other factors, mean galectin-3 was 1.0 ng/ml higher in blacks than whites [95% confidence interval (CI) 0.48, 1.56; P < 0.001].
The hazard ratio (HR) for stroke increased with increasing quartiles of galectin-3; before adjustment, subjects in the fourth versus first quartile had a 2.3-fold increased stroke risk (95% CI 1.6, 3.4) in the overall population (Table 3) . Adjustment for age attenuated this HR to 1.3 (0.9, 1.9), whilst separate adjustment for race and sex had minimal influence (Table 3) . This confounding by age directed us to test for an interaction of galectin-3 with age. The age 9 galectin-3 interaction term P value was 0.06, so a further analysis for stroke risk stratified by the median age (64 years) was performed. Table 4 shows these results by quartiles; there was no association of galectin-3 with stroke in those older than 64. Amongst younger participants, any level of galectin-3 above the first quartile was associated with increased stroke risk.
Since there were wide confidence intervals by quartile and these HRs were similar, quartiles 2-4 were collapsed in subsequent post hoc analyses, which are shown in Table 5 . Amongst those younger than 64 years, with galectin-3 levels in the second-fourth quartiles, the HR of stroke was 2.4 (1.4, 4.1) and increased to 3.0 (1.6, 5.5) after adjustment for age, sex and race (Table 5 ). Adjustment for traditional stroke risk factors attenuated the HR to 1.9 (95% CI 1.0, 3.8), with additional adjustment for income and education bringing it to 2.0 (95% CI 1.0, 4.0). There were no differences in associations of galectin-3 with stroke by race or sex in younger participants. The hazard ratios for race at specified ages (45, 55, 65, 75) were unchanged when galectin-3 was added to the model, indicating no mediation of the relationship between race and stroke by galectin-3 (data not shown). Furthermore, amongst those younger than 64, considering subtypes of ischaemic stroke, the strongest relationships were seen for cardio-embolic stroke and stroke of unknown etiology. Amongst those older than age 64, galectin-3 remained unrelated to risk of each stroke subtype (Table S2) .
Discussion
In this population-based study, higher plasma galectin-3 was associated with ischaemic stroke risk in younger but not older persons. This relationship in younger persons was stronger for cardio-embolic and unknown stroke subtypes, although sample sizes were very small for this part of our analysis. Galectin-3 concentration increased with increasing age, independent of other factors, and it was also associated with several other variables including hypertension, diabetes, impaired kidney function and heart disease. The reason for a different association of galectin-3 with stroke by age is unclear. Galectin-3 levels may rise early with inflammation, before those processes result in development of clinically apparent stroke risk factors such as hypertension and diabetes. These clinically apparent risk factors are more prevalent with increasing age, and might mask the relationship between galectin-3 and stroke in older age. This may also explain the attenuation of the hazard seen in the relationship of galectin-3 with ischaemic stroke (Table 4) when Framingham risk factors for stroke are added in model C. The influence of genetic factors also needs to be considered, particularly since genetic predisposition is of more importance in younger stroke patients [13] . A genome-wide association study revealed that 25.6% of the variance in galectin-3 levels came from the LGALS3 gene on chromosome 14, and 3.8% of the variance was contributed by ABO blood group [14] . Whilst alleles of the LGALS3 gene have been found to be associated with elevated C-reactive protein levels [15] , there is no clear evidence linking them to stroke risk. The ABO locus has been linked to stroke and vascular disease, but since it explained so little of the variance in galectin-3 it is unlikely to be relevant to the relationship between galectin-3 and stroke that was observed in younger people. Lastly, there might be a plateau effect for galectin-3 with increasing age, resulting in a loss of discriminatory power of galectin-3 as a biomarker in individuals with age >64 years. Galectin-3 was higher in blacks than whites in our study. This is consistent with the findings of a recent study by McEvoy et al. [16] from the ARIC cohort. However, in our mediation analysis, galectin-3 was not a mediator of the association of race with stroke risk. Additionally, there was no threshold value for galectin-3 above which risk sharply increased.
Only one other large prospective study of initially stroke-free individuals which reported an association of galectin-3 with stroke is known to us. This study investigated a general-population cohort from Finland of 8444 individuals [17] and found that galectin-3 was weakly associated with an incident ischaemic stroke HR of 1.16 (1.04, 1.30) over a 15-year follow-up. This relationship was attenuated in multivariable adjusted models, HR 1.07 (0.95, 1.19) . Most of the other population-based cardiovascular studies that investigated the prognostic value of galectin-3 did not include stroke as a separate end-point [18] [19] [20] . The only other study besides REGARDS that demonstrated an association of galectin-3 with the risk of stroke evaluated patients who underwent carotid endarterectomy [21] . Additionally, few studies have investigated the impact of galectin-3 levels on outcomes after cerebrovascular accidents -higher levels acutely were associated with worse outcomes in intracranial hemorrhage [6] as well as subarachnoid hemorrhage [22] . A recent study suggested no impact of galectin-3 levels on occurrence of acute neurological decline, 3-month mortality or 3-month clinical outcome after ischaemic stroke, but the sample size was very small with 26 stroke patients and 10 controls [5] . Overall, the limited literature on galectin-3 suggests that there may be a link to stroke incidence and outcomes, but there are contradictory findings as well, and more investigation is warranted.
Mechanistically, there are several reasons why elevated galectin-3 could correlate with higher risk and worse outcome in ischaemic stroke. First, its association with conditions such as heart failure and coronary artery disease [3] suggests that it might be a marker of a general propensity to vascular diseases, including those affecting the cerebral circulation. Galectin-3 levels are also positively associated with CHA 2 DS 2 VASc scores in patients with atrial fibrillation, which puts them at a higher risk of embolic ischaemic strokes [23] . Experimental evidence indicates the importance of galectin-3 in atherosclerotic plaque stability and remodeling [4] . Additionally, galectin-3 is expressed by microglia following various brain injuries, including ischaemic stroke, and might be important for the inflammation, gliosis and tissue remodeling that follows stroke [24] . It is interesting, however, to note that inhibiting galectin-3 after cerebral ischaemia in animal models has deleterious consequences, which is contrary to the findings from clinical studies [25] . It is possible that galectin-3 has varying influences on stroke risk and outcome depending on the site of its expression and chronological context in relation to the ischaemic event. Finally, galectin-3 also relates to thrombotic potential, which might explain part of its association with stroke [26, 27] .
The strengths of our study include the racial and geographic diversity of the cohort, high retention rates, and the prospective nature of our study design. A few limitations must be noted. Galectin-3 was only measured once; serial measurements could improve prognostic accuracy. The imprecision of risk estimates in quartiles 2-4 in younger subjects, and post hoc collapsing of these quartiles for presentation of results, means that the results must be considered preliminary and replication is needed. Defining heart failure through the presence of orthopnea or paroxysmal nocturnal dyspnea could have led to us missing some cases, whilst erroneously classifying some patients with normal heart function as having heart failure. Finally, our results are not generalizable to ethnicities other than blacks and whites.
Summary
In a large prospective longitudinal cohort study of blacks and whites, galectin-3 was associated with incident stroke in younger but not older individuals. Whether galectin-3 is an innocent bystander or is involved in the pathogenesis of stroke requires further study. Confirmatory studies, especially in younger populations, are needed to replicate these findings. involved in the review of the manuscript but not directly involved in the collection, management, analysis or interpretation of the data.
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